Flow-induced noise is a significant concern for the design and operation of centrifugal pumps. The negative impacts of flow-induced noise on operating stability, human health and the environment have been shown in many cases. This paper presents a comprehensive review of the flow-induced noise study for centrifugal pumps to synthesize the current study status. First, the generation mechanism and propagation route of flow-induced noise are discussed. Then, three kinds of study methodologies, including the theoretical study of hydrodynamic noise, numerical simulation and experimental measurement study, are summarized. Subsequently, the application of the three study methodologies to the analysis of the distribution characteristics of flow-induced noise is analyzed from aspects of the noise source identification and comparison, the frequency response analysis, the directivity characteristics of sound field and the noise changing characteristics under various operating conditions. After that, the analysis of the noise optimization design of centrifugal pumps is summarized. Finally, based on previous study results, this paper puts forward the unsolved problems and implications for future study. In conclusion, the information collected in this review paper could guide further study of the flow-induced noise of centrifugal pumps.
Introduction
With the development of science and technology, as well as the community's increased awareness of the human impact on the environment, the effect of noise pollution has become more prominent. Noise data statistics, analysis and control strategy in different fields have attracted interest in different countries and regions [1] [2] [3] [4] [5] [6] . According to the report issued by the Ministry of the ecological environment in China, the contribution to the overall environmental pollution by noise exceeded 30% in 2018, coming in second place only to air pollution [1] . The negative impacts of noise on human health have attracted widespread attention [3, [7] [8] [9] . The report issued by the World Health Organization (WHO) in 2018 revealed that the burden of disease from environmental noise was the second highest [3] , which also reflects the seriousness of noise pollution.
As major energy conversion devices, the centrifugal pumps have been gradually applied in the fields of industry, agriculture, transportation and architecture and so forth. Due to the complexity of flow inside pumps, severe flow-induced noise is generated. For instance, the noise generated by a 22 kW single-stage single-suction centrifugal pump in air and water medium is up to 94 dB and 180 dB at rated operating conditions, respectively, both of which are much higher than the international standard [10] . The unexpected high-level noise could affect the operating stability, living and working environment and human health. Therefore, the study of flow-induced noise generated by centrifugal 2 of 26 pumps is extremely significant from the perspective of engineering, environmental protection and human health.
A large amount of studies have been conducted on this subject and many have been discovered in the past decades. For example, according to Web of Science, more than 130 articles, as shown in Figure 1 , analyzed the subject directly in terms of the generation mechanism and propagation route, the distribution characteristics and the optimization design of flow-induced noise which are based on theoretical analysis, numerical simulation and experimental measurement, let alone the number of articles that are indirectly related to the subject. The purpose of this paper is to summarize the study progress and corresponding valuable conclusions systematically. Then, the areas that may need to be paid attention to are emphasized, which could lay a foundation for further study.
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The Generation Mechanism and Propagation Route of Flow-Induced Noise
Flow-induced noise, which is related to various complex phenomena inside pumps, plays a crucial role in the noise level evaluation of centrifugal pumps with good structural design and stable installation [11] . Table 1 summarizes the different flow phenomena and noise generation mechanisms. Table 1 . Complex flow phenomena and flow-induced noise generation mechanism.
Flow Phenomena References Noise Generation Mechanism
Rotor-stator interaction [12] [13] [14] Periodic interference occurs between blade and volute. The flow passage width changes periodically, which causes periodic pressure fluctuations and noise.
Cavitation [15] [16] [17] The generated-bubbles due to cavitation implode in contact with solid surface in high pressure region, which induce pressure waves that result in the generation of noise.
Turbulence [18, 19] Combined with the jet-wake effect at impeller outlet, the interaction between blade and high-speed fluid causes the blade acted by the unsteady load continuously and broadband noise is generated.
Back flow [20] Pre-rotation occurs at impeller inlet, strong eddy and eddy strip are formed. Then pressure fluctuations with low frequency are generated and further induce the low frequency noise.
Rotating stall [21, 22] Under low flow rate condition, stall vortex is formed in impeller, which blocks the flow passage and induces low frequency noise.
Water hammer [23, 24] Rapid change of flow velocity occurs, which could induce intermittent noise. 
The Generation Mechanism and Propagation Route of Flow-Induced Noise
Flow-induced noise, which is related to various complex phenomena inside pumps, plays a crucial role in the noise level evaluation of centrifugal pumps with good structural design and stable installation [11] . Table 1 summarizes the different flow phenomena and noise generation mechanisms.
To evaluate the noise level generated by the above phenomena, the most widely used standard is the sound pressure level (SPL) and total sound pressure level (TSPL). SPL and TSPL are defined as, SPL = 20lg P e P re f (1)
where P ref is the reference sound pressure (2 × 10 −5 Pa in air, 1 × 10 −6 Pa in water), n is the number of frequencies, P e is the effective sound pressure and it is defined as,
where p' is the instantaneous sound pressure, T represents several rotational periods. In addition, other parameters used for noise level evaluation, such as the sound power level and sound energy density [25] , could be calculated from the SPL and TSPL, which are not discussed here. 
Flow Phenomena References Noise Generation Mechanism
Water hammer [23, 24] Rapid change of flow velocity occurs, which could induce intermittent noise.
(1) Rotor-stator interaction
In the process of fluid motion, the physical quantities, such as pressure, velocity and vorticity, at a certain spatial point inside pumps fluctuate rapidly once as a blade passes. With blades continuously rotating, the physical quantities fluctuate periodically [26] , that is, the rotor-stator interaction effect exists in whole pumps. As the main cause of flow-induced noise, the rotor-stator interaction could cause the frequency response characteristics of flow-induced noise at different monitoring points that are dominated by characteristic frequencies such as the blade-passing frequency (f b ) and its harmonic frequencies in a low frequency band. As shown in Figure 2 , the SPL reaches to peak at 290 Hz (f b ) and its high order harmonics and also shows a trend of fluctuating downward.
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Currently, analysis of the noise induced by rotor-stator interaction and cavitation accounts for the majority.
In the process of fluid motion, the physical quantities, such as pressure, velocity and vorticity, at a certain spatial point inside pumps fluctuate rapidly once as a blade passes. With blades continuously rotating, the physical quantities fluctuate periodically [26] , that is, the rotor-stator interaction effect exists in whole pumps. As the main cause of flow-induced noise, the rotor-stator interaction could cause the frequency response characteristics of flow-induced noise at different monitoring points that are dominated by characteristic frequencies such as the blade-passing frequency (fb) and its harmonic frequencies in a low frequency band. As shown in Figure 2 , the SPL reaches to peak at 290 Hz (fb) and its high order harmonics and also shows a trend of fluctuating downward. Figure 2 . Frequency response characteristics of noise induced by rotor-stator interaction at inlet and outlet pipes [27] .
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(2) Cavitation Different from the noise induced by rotor-stator interaction, the noise induced by cavitation is a kind of broadband noise and concentrates in a high frequency band [28] . During the cavitation inception stage, the noise level decreases slightly in the broadband band [29] . With the decrease of the available net positive suction head (NPSHa), the periodic fluctuations characteristics of sound pressure disappear gradually and the sound pressure intensity at inlet and outlet pipes decreases and increases, respectively [30] . Figure 3 shows the frequency response characteristics of power spectral density (PSD) signal of sound pressure at the outlet pipe. With the decrease of NPSHa, the frequency response characteristics that are dominated by characteristic frequencies weaken gradually in low frequency band, which means that the cavitation could inhibit the rotor-stator interaction to some extent [31] . When the frequency is higher than 1000 Hz, the PSD signal oscillation intensifies significantly.
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(3) The noise propagation route The centrifugal pump system consists of the inlet pipe, centrifugal pump and outlet pipe. The flow-induced noise will not only propagate to the inlet and outlet pipes, namely the internal flow noise, but will also propagate to the external environment, namely the external radiation noise [36] .
Study Methodologies
Studies on the flow-induced noise generated by complex phenomena could be catalogued into three aspects, including the theoretical study of hydrodynamic noise, numerical simulation and experimental measurement.
Theoretical Study of Hydrodynamic Noise
Theoretical studies analyze the flow-induced noise through the governing equation level. The flow and sound fields have the same governing equation and the parameters of flow and sound fields could be obtained simultaneously by solving the compressible Navier-Stokes (N-S) equation directly in theory. However, it is difficult realize due to the huge difference in scale and magnitude between flow and sound fields [37] . Therefore, relevant sound theory is used. Table 2 summarizes the comparison of results between Lighthill acoustic analogy theory, vortex sound theory and acoustic/viscous splitting theory. 
Sound source
Monopole, dipole and quadrupole sources.
The stretching of the vortex and the non-uniformity of fluid kinetic energy.
/

Advantages
It is suitable for the frequency response analysis and the distribution characteristics analysis of sound field in frequency domain and the improved calculation process has been formed.
The time-domain parameters of sound field could be obtained directly. It is suitable for the interpretation of the generation and distribution of flow-induced noise.
Same as the advantages of "Vortex sound theory."
Shortages
Fluid viscosity is ignored. It could not explain the generation and distribution mechanism of flow-induced noise.
Fluid viscosity is ignored. The solution process is relatively complicated and the improved calculation process has not been formed.
The solution process is more complicated than that of "Vortex sound equation" and the improved calculation process has not been formed.
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Numerical Simulation Study
Due to the obscurity of theoretical study, it is necessary to combine the theoretical conclusions with numerical simulation. Compared with the experimental measurement, the numerical simulation method has the advantages of a low cost and short cycle and so forth. With the development of the computer performance, both the calculation accuracy and speed have improved significantly. Computational Fluid Dynamics (CFD) is currently the most efficient method for analyzing the flow and flow-induced noise [49] [50] [51] [52] . It is worh noting that the empirical model and assumption are used in the simulation process, so the experimental validation is essential.
The numerical simulation of flow-induced noise is mainly guided by Lighthill acoustic analogy theory and is combined with CFD software. The simulation process could be divided into two steps [53] . The first step is to obtain the unsteady flow characteristics [54] [55] [56] [57] [58] by adopting a suitable turbulence model [57] [58] [59] [60] [61] [62] . The second step is to extract the unsteady flow fluctuations in walls which are used as a dipole source, and then to use the finite element method, infinite element method or boundary element method to solve the sound wave equation [63] [64] [65] .
The generation of noise is accompanied by the vibration of pump structures, so the noise simulation method that only considers the dipole source has some limitations. With the deepening of study, scholars have adopted the acoustic-vibration-coupling method, which is realized by taking the modal response results of structures into consideration, to analyze the flow-induced noise under the joint action of structural vibration and dipole source [66] [67] [68] [69] [70] [71] [72] .
Experimental Measurement Study
Compared with the theoretical analysis and numerical simulation method, the most direct method is experimental measurement, including indirect measurement and direct measurement.
The indirect measurement method is to measure and analyze the parameters that are related to flow-induced noise such as pressure [73] [74] [75] , velocity [12, [76] [77] [78] and vibration signal [79] [80] [81] [82] [83] , then establish the relationship between these parameters and flow-induced noise. Different from the indirect measurement, the direct measurement is more convenient and it is realized by measuring the flow-induced noise directly. However, owing to the high-pressure and high-speed rotating characteristics of centrifugal pumps, the measurement of internal flow noise is to measure the flow noise at inlet and outlet pipes by using a flush-mounted hydrophone, while the external radiation noise is measured by a microphone at the monitoring points arranged evenly outside pumps. Besides, it is also difficult to distinguish the contributions of different noise sources, especially the flow-induced noise and mechanical vibration noise. Therefore, the experimental measurement is always combined with numerical simulation for relevant analysis.
It is common knowledge that the change of noise is accompanied by the change of pressure, flow rate and so forth. Yuan et al. [84] designed a hydraulic performance and flow-induced noise measurement system based on LabVIEW, which realized the synchronous measurement of the head, flow rate and flow-induced noise. The system is beneficial for the understanding of the pump operating condition and has been adopted by many scholars [79, 80, 85] .
The Study about the Distribution Characteristics of Flow-Induced Noise
Noise Source Identification and Comparison
Actually, various flow phenomena exist in different flow passage components of centrifugal pump systems, which include impeller, volute, vane, leakage passage and so on [86] [87] [88] . The various flow phenomena are combined into a noise source for flow-induced noise calculation, which makes the noise source identification and comparison an important part of the distribution characteristics analysis of flow-induced noise. For centrifugal pumps with different structures, the unsteady flow fluctuations in different flow passage components have different contributions to overall noise. As the main flow passage components, the impeller and volute are widely considered. Guo et al. [89] proposed that the noise source could be identified qualitatively and quantitatively by calculating the standard deviation (STD) of the noise source. As shown in Figure 4 , the maximum of STD in volute is located near the volute tongue and extends downstream slightly along the impeller rotation direction, which is much higher than that in other regions and is the main noise source region. He et al. [90] also compared sound pressure intensity generated by impeller and volute dipole sources based on Lighthill acoustic analogy theory and found that the minimum of sound pressure intensity induced by the volute dipole source is about 26 dB higher than the maximum of sound pressure intensity induced by the impeller dipole source and the maximum is located near the volute tongue, which also shows that the volute dipole source is the main noise source.
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Frequency Response Analysis of Flow-Induced Noise
Under the influence of the noise source, specific frequency response characteristics of flowinduced noise are formed. Frequency response analysis is undertaken to figure out the noise distribution in the frequency domain and the noise amplitude at different frequencies, which could provide guidelines for noise elimination and reduction. Figures 2 and 3 show the frequency response results of two kinds of flow phenomena. Besides, the frequency response analysis is also used for the accuracy verification of the numerical simulation method. To verify the accuracy of the numerical simulation method, the most commonly used object is the internal flow noise at the outlet pipe. As shown in Figure 9 , the SPL obtained by simulation and experiment reaches a peak at each characteristic frequencies and shows a trend of fluctuating downward with the increase of frequency, which not only reveals the frequency response results but also manifests the accuracy of the numerical simulation method. 
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Study Object References Impact on Frequency Response Characteristics Key Findings
Internal flow noise [68, 69] The 2-order of fb is close to the 1-order of natural frequency, the SPL at 2-order of fb decreases.
The vibration of volute could cause the sound energy dissipation. Due to the reflection and scatter effects, the volute could prevent the internal noise from propagating to outside.
External radiation noise [72]
The 2-order and 5-order of fb are close to the 1-order and 3order of natural frequencies, the SPL at 2-order and 5-order of fb is higher.
The external radiation noise is the result of joint action of the internal pressure fluctuations and structure vibration.
Directivity Characteristics Analysis of Sound Field
In the internal and external fields of centrifugal pumps, the noise at different locations changes with the changing direction and distance of monitoring locations relative to the noise source and thereby specific directivity characteristics are formed. Due to the particularity of centrifugal pump structures, the directivity distribution characteristics in the circumferential direction have received much attention [94] [95] [96] [97] [98] [99] [100] . Because of the measurement difficulty, the directivity characteristics of the internal sound field are analyzed based on numerical simulation, while those of external sound field could be analyzed by the combination of numerical simulation and experimental measurement. 
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Directivity Characteristics Analysis of Sound Field
In the internal and external fields of centrifugal pumps, the noise at different locations changes with the changing direction and distance of monitoring locations relative to the noise source and thereby specific directivity characteristics are formed. Due to the particularity of centrifugal pump structures, the directivity distribution characteristics in the circumferential direction have received much attention [94] [95] [96] [97] [98] [99] [100] . Because of the measurement difficulty, the directivity characteristics of the internal sound field are analyzed based on numerical simulation, while those of external sound field could be analyzed by the combination of numerical simulation and experimental measurement.
Based on the results of frequency response analysis at different monitoring points, the directivity characteristics of the sound field could be obtained. Figures 11 and 12 present the directivity characteristics of the internal sound field when the flow rate is 15 m 3 /h [94, 95] . The dipole directivity characteristics are presented in Figures 11b and 12 and the maximum of SPL at f b and TSPL appears near the tongue. Figure 13 illustrates the directivity characteristics of the external sound field induced by impeller and volute dipole sources. The TSPL induced by the impeller dipole source presents the dipole directivity characteristics, while the TSPL near the tongue is higher than that far away from the tongue when the volute dipole source is considered the noise source, which are similar to the directivity characteristics of the internal sound field. Besides, Guo et al. [98] conducted an experiment to verify the accuracy of directivity characteristics of the external sound field. As shown in Figure 14 , the TSPL illustrates similar dipole symmetric distribution and asymmetric distribution characteristics. The results verify that the directivity characteristics are the result of joint action of impeller and volute. Based on previous studies, Guo et al. [101] also proposed that the directivity characteristics of a noise source due to the unsteady flow fluctuations lead to those of the internal sound field and further cause those of the external sound field.
Based on the results of frequency response analysis at different monitoring points, the directivity characteristics of the sound field could be obtained. Figures 11 and 12 present the directivity characteristics of the internal sound field when the flow rate is 15 m 3 /h [94, 95] . The dipole directivity characteristics are presented in Figures 11b and 12 and the maximum of SPL at fb and TSPL appears near the tongue. Figure 13 illustrates the directivity characteristics of the external sound field induced by impeller and volute dipole sources. The TSPL induced by the impeller dipole source presents the dipole directivity characteristics, while the TSPL near the tongue is higher than that far away from the tongue when the volute dipole source is considered the noise source, which are similar to the directivity characteristics of the internal sound field. Besides, Guo et al. [98] conducted an experiment to verify the accuracy of directivity characteristics of the external sound field. As shown in Figure 14 , the TSPL illustrates similar dipole symmetric distribution and asymmetric distribution characteristics. The results verify that the directivity characteristics are the result of joint action of impeller and volute. Based on previous studies, Guo et al. [101] also proposed that the directivity characteristics of a noise source due to the unsteady flow fluctuations lead to those of the internal sound field and further cause those of the external sound field. With the development of the study, the noise directivity characteristics in axial and horizontal direction are also discussed [102] [103] [104] [105] [106] , so that the spatial directivity characteristics are revealed comprehensively.
Noise Changing Characteristics Analysis under Various Operating Conditions
The centrifugal pumps always need to operate under various conditions to meet corresponding working demands and the flow-induced noise changes accordingly. The analysis of the noise changing characteristics is always included in the other studies mentioned above. Figures 15-17 depict the experimental results of internal flow noise changing curves at inlet and outlet pipes with different rotational speeds [107] , flow rates [20] and medium temperatures [108, 109] , respectively. It is found that the noise at inlet and outlet pipes shows a similar changing trend and the noise at the outlet pipe is higher than that at the inlet pipe. With the growth of rotational speed, the noise at the inlet and outlet pipes increases gradually. Under different flow rates, the noise at inlet and outlet With the development of the study, the noise directivity characteristics in axial and horizontal direction are also discussed [102] [103] [104] [105] [106] , so that the spatial directivity characteristics are revealed comprehensively.
The centrifugal pumps always need to operate under various conditions to meet corresponding working demands and the flow-induced noise changes accordingly. The analysis of the noise changing characteristics is always included in the other studies mentioned above. Figures 15-17 depict the experimental results of internal flow noise changing curves at inlet and outlet pipes with different rotational speeds [107] , flow rates [20] and medium temperatures [108, 109] , respectively. It is found that the noise at inlet and outlet pipes shows a similar changing trend and the noise at the outlet pipe is higher than that at the inlet pipe. With the growth of rotational speed, the noise at the inlet and outlet pipes increases gradually. Under different flow rates, the noise at inlet and outlet pipes reaches a minimum at a rated operating condition, that is, near the best efficiency condition and increases at off-design conditions. Besides, it is found from Figure 18 that the medium temperature could also affect the noise level and the noise at inlet and outlet pipes reaches a maximum at a certain temperature. With the development of the study, the noise directivity characteristics in axial and horizontal direction are also discussed [102] [103] [104] [105] [106] , so that the spatial directivity characteristics are revealed comprehensively.
The centrifugal pumps always need to operate under various conditions to meet corresponding working demands and the flow-induced noise changes accordingly. The analysis of the noise changing characteristics is always included in the other studies mentioned above. Figures 15-17 depict the experimental results of internal flow noise changing curves at inlet and outlet pipes with different rotational speeds [107] , flow rates [20] and medium temperatures [108, 109] , respectively. It is found that the noise at inlet and outlet pipes shows a similar changing trend and the noise at the outlet pipe is higher than that at the inlet pipe. With the growth of rotational speed, the noise at the inlet and outlet pipes increases gradually. Under different flow rates, the noise at inlet and outlet pipes reaches a minimum at a rated operating condition, that is, near the best efficiency condition and increases at off-design conditions. Besides, it is found from Figure 18 that the medium temperature could also affect the noise level and the noise at inlet and outlet pipes reaches a maximum at a certain temperature.
depict the experimental results of internal flow noise changing curves at inlet and outlet pipes with different rotational speeds [107] , flow rates [20] and medium temperatures [108, 109] , respectively. It is found that the noise at inlet and outlet pipes shows a similar changing trend and the noise at the outlet pipe is higher than that at the inlet pipe. With the growth of rotational speed, the noise at the inlet and outlet pipes increases gradually. Under different flow rates, the noise at inlet and outlet pipes reaches a minimum at a rated operating condition, that is, near the best efficiency condition and increases at off-design conditions. Besides, it is found from Figure 18 that the medium temperature could also affect the noise level and the noise at inlet and outlet pipes reaches a maximum at a certain temperature. The changing trend of external radiation noise and internal flow noise is similar under different rotational speeds, while that of different flow rates is different. Figure 18 depicts the experimental results of external radiation noise changing curves with different flow rates [99] , where P1-P13 are the monitoring points shown in Figure 10a . It is observed that the external radiation noise follows an increasing trend with the growth of flow rate, which is different from the trend of internal flow noise by comparing Figures 16 and 18 . However, the mechanism that leads to the difference of changing trend still needs to be explored further. Figure 16 . The changing curves of internal flow noise at inlet and outlet pipes with different flow rates [20] . The changing trend of external radiation noise and internal flow noise is similar under different rotational speeds, while that of different flow rates is different. Figure 18 depicts the experimental results of external radiation noise changing curves with different flow rates [99] , where P1-P13 are the monitoring points shown in Figure 10a . It is observed that the external radiation noise follows an increasing trend with the growth of flow rate, which is different from the trend of internal flow noise by comparing Figure 16 and Figure 18 . However, the mechanism that leads to the difference of changing trend still needs to be explored further. In summary, based on the above analysis in Sections 2-4, it could be concluded that remarkable results have been gained from analyzing the noise generation and distribution characteristics from using different study methodologies. On this foundation, the flow-induced noise propagation mechanism still needs to be further explored, to form a systematic analysis model of the noise generation, distribution and propagation mechanism. The analysis of the noise propagation mechanism could not only extend the noise evaluation criterion but also lay a foundation for flowinduced noise reduction from the view of the noise propagation route.
Besides, the generation of noise and vibration is associated with the unsteady flow characteristics. It is indispensable to take the flow field effect into account on the basis of the acousticvibration-coupling method, to further improve the numerical simulation method.
Additionally, in the process of experimental measurement, the measurement object and mode are relatively monotonous currently and only the noise at representative monitoring positions is measured. Considering the limitation of the current experimental measurement, it is necessary to develop new measurement technology to realize the real-time measurement of the whole sound field of centrifugal pumps, namely the visualization of the sound field. In summary, based on the above analysis in Sections 2-4, it could be concluded that remarkable results have been gained from analyzing the noise generation and distribution characteristics from using different study methodologies. On this foundation, the flow-induced noise propagation mechanism still needs to be further explored, to form a systematic analysis model of the noise generation, distribution and propagation mechanism. The analysis of the noise propagation mechanism could not only extend the noise evaluation criterion but also lay a foundation for flow-induced noise reduction from the view of the noise propagation route.
Noise Optimization Design of Centrifugal Pumps
Besides, the generation of noise and vibration is associated with the unsteady flow characteristics. It is indispensable to take the flow field effect into account on the basis of the acoustic-vibration-coupling method, to further improve the numerical simulation method.
Additionally, in the process of experimental measurement, the measurement object and mode are relatively monotonous currently and only the noise at representative monitoring positions is measured. Considering the limitation of the current experimental measurement, it is necessary to develop new measurement technology to realize the real-time measurement of the whole sound field of centrifugal pumps, namely the visualization of the sound field.
The purpose of the study on the generation and distribution characteristics of flow-induced noise is to lay a foundation for noise optimization design. As the final goal, the noise optimization design could be realized by reducing the sound power conversion rate, cutting off the noise propagation path and controlling the noise source [110, 111] . The most effective optimization method is the noise source control which includes active control and passive control. The former is to reduce or eliminate the vibration and noise by attaching excitation source with the opposite phase [33] . The latter is to reduce the rotor-stator interaction intensity of centrifugal pumps by changing the structural material, shape and size and it is currently the most commonly used method for the noise optimization design of centrifugal pumps. The analysis results of passive control are summarized in Table 4 . Table 4 . Analysis results of passive control.
Pump Structures References Key Findings
Impeller outlet width [112, 113] • The decrease of impeller outlet width weakens the pressure fluctuations intensity and leads to the decrease of vibration and noise.
Impeller diameter [32, 85, 114, 115] ♦ The decrease of impeller diameter weakens the rotor-stator interaction intensity and realizes the noise reduction, while it has little impact on the directivity characteristics. ♦ Critical value for the decrease of impeller diameter exists. The noise reduction effect weakens when the decrease value exceeds the critical value.
Blade outlet angle [102, 116, 117] • The decrease of blade outlet angle weakens the fluctuations intensity of noise source, which results in the noise reduction, while it has little impact on the directivity characteristics.
Blade type [74, 79, [118] [119] [120] [121] ♦ The impeller with splitter blades affects the dipole directivity characteristics and leads to the noise reduction. ♦
The inclined blade layout weakens the vibration intensity and noise amplitude, while it affects little the directivity characteristics. ♦
The number of blades has no obvious influence on the vibration and noise.
Vane wrap angle [81, 122] • The change of vane wrap angle has no obvious effect on the vibration intensity and noise.
Blade inlet incidence angle [82] ♦ The change of blade inlet incidence angle has no obvious impact on the vibration and noise.
Structure material [123]
• The noise with 316L (one kind of anti-corrosion stainless steel) used as port valve is the largest, followed by the noise with NYLON (Aliphatic polyamides) used as port valve, the third one is the noise with PEEK (Polyetheretherketone) used as port valve and the noise with PTFE (Polytetrafluoroethylene) used as port valve is the lowest.
Inlet shape [124]
♦ The straight inlet shape improves the unsteady fluctuation characteristics inside the pump compared with the pre-rotating inlet shape and leads to the reduction of pressure fluctuations intensity.
Volute shape [125] • The volute with rectangular cross section has a better noise behavior than that with horseshoe-shaped cross section.
•
The noise obtained by volute with round edge cut-water is lower than that obtained by volute with sharp edge cut-water.
Footer: "•"and "♦" are used to distinguish the passive control results of different pump structures.
It is noticeable that the flow-induced noise of centrifugal pumps is affected by various pump structures. On the basis of low flow-induced noise and high hydraulic performance, it is more ideal to explore the effect of various structure combinations on flow-induced noise and hydraulic performance. Then, the optimization algorithm is designed to analyze the influence of various factors on noise and hydraulic performance, as well as the corresponding influence proportion, so that the optimal geometric parameters could be obtained [126] [127] [128] [129] [130] . Predictably the optimization method effectively promotes the optimization development. However, the design of a variety of structures is tedious, expensive and time-consuming, so it is essential to establish a fast numerical simulation model for optimization design.
Outlook for Future Study
Benefiting from the development of computer technology, modern measurement techniques and related sound theory, great achievements have been realized regarding the analysis of the flow-induced noise of centrifugal pumps. By summarizing the study status, there are still some important areas for flow-induced noise of centrifugal pumps needing to be focused in the future.
From in-depth study on the generation mechanism of flow-induced noise, the contributions of different flow phenomena to overall flow-induced noise are not clear. Besides, there is no sufficient study on the generation mechanism and control strategy of noise induced by complex turbulence, back flow, rotating stall and water hammer. With the development of centrifugal pumps in the direction of large flow, high power and high load, as well as the demand for the change of operating conditions, the impact of these kinds of noise cannot be ignored. Therefore, an in-depth study on the generation mechanism of flow-induced noise is essential.
The improvement of the flow-vibration-acoustic-coupling method. The pressure fluctuations could induce noise and also induce the vibration of pump structures. The vibration could not only affect the flow field but also induce noise. Meanwhile, the generated-noise could affect structure vibration. Therefore, it is essential to further improve the noise simulation method by combining the flow field governing equation, the elastic structure dynamic equation and the sound field governing equation and establishing the coupling equation.
(1) Analysis model establishment of the generation, distribution and propagation mechanism for flow-induced noise. The analysis of the propagation mechanism of flow-induced noise, which has been proved that it is affected by the synergy of flow and sound fields in the process of fluid flow [131] , is not involved in current study of the flow-induced noise of centrifugal pumps. It is beneficial for the prevention and control of flow-induced noise to establish the analysis model of the generation, distribution and propagation mechanism for flow-induced noise. The analysis model could be used for systematically analyzing the generation mechanism, the proportions of noise sources with different properties, the spatial-temporal distribution characteristics and the propagation characteristics of flow-induced noise. (2) Development of high precision and fast numerical simulation method. There are three-dimensional steady and transient iterative calculation processes in the numerical simulation of flow-induced noise, which are tedious and time-consuming. To obtain high precision results, a large amount of grid system is required. Predictably, the development of high precision and fast simulation method could promote the study of flow-induced noise. 
Conclusions
This paper reviews more than 130 articles to summarize the current study status on the flow-induced noise of centrifugal pumps. The review contents include the analysis of noise generation mechanisms and propagation routes, the study methodologies comparison, the distribution characteristics analysis of flow-induced noise and the analysis of noise optimization design. Then the outlook for future study is presented based on the literature review. The main conclusions are shown as follows:
(1) The flow-induced noise of centrifugal pumps is related to various complex flow phenomena.
During the normal operating condition, the noise induced by rotor-stator interaction is the main component of overall noise. The rotor-stator interaction could cause the frequency response characteristics that are dominated by characteristic frequencies in a low frequency range. The cavitation could inhibit the rotor-stator interaction to some extent. With the development of cavitation, the frequency response characteristics of flow-induced noise that are dominated by characteristic frequencies weaken and the noise level in a high frequency range increases gradually. In addition, when the flow-induced noise generates inside centrifugal pumps, the noise could not only propagate to the inlet and outlet pipes but also propagate to the external environment, namely the internal flow noise and external radiation noise, respectively. (2) Theoretical study, numerical simulation and experimental measurement are the main methodologies to analyze the flow-induced noise of centrifugal pumps. Theoretical study analyzes the subject through the governing equation level. Because of the obscurity of the theoretical study, the theoretical conclusions are always combined with numerical simulation. Numerical simulation is currently the most popular and versatile method to analyze the flow-induced noise by combining the Lighthill acoustic analogy theory with CFD and taking the acoustic-vibration-coupling effect into consideration, but the numerical simulation results need to be verified by experiment. For experimental measurement, the flow-induced noise could be directly measured but the measurement object and mode are relatively monotonous and the measurement results are affected by mechanical vibration. (3) The analysis of the distribution characteristics of flow-induced noise mainly includes the noise source identification and comparison, the frequency response analysis, the directivity characteristics of sound field and the noise changing characteristics under various operating conditions. The main noise source region is located near the volute tongue and the volute dipole source has more contribution to internal flow noise compared with the impeller dipole source. Besides the dipole source, the vibration of pump structures induced by unsteady flow fluctuations is also a kind of noise source and it makes the biggest contribution to external radiation noise. Under the influence of a noise source, specific frequency response characteristics of flow-induced noise are formed and the internal flow noise shows a trend of fluctuating downward with the increase of frequency, while the maximum of external radiation noise appears between 1000 and 2000 Hz. Based on the frequency response analysis results, directivity characteristics could be obtained. The internal flow noise and external radiation noise show the similar dipole directivity characteristics and the noise level near the tongue is higher than that far away from the tongue. The internal flow noise and external radiation noise increase with the growth of rotational speed. With the growth of flow rate, the internal flow noise reaches a minimum at rated operating conditions generally and increases at off-design conditions, while the external radiation noise increases gradually. Besides the effects of rotational speed and flow rate on noise, the medium temperature could also affect the noise level. (4) As the final goal of the flow-induced noise study of centrifugal pumps, the noise optimization design is mainly realized by changing the pump structures to reduce the rotor-stator interaction intensity. However, different structures have different effects on the flow-induced noise. Therefore, it is required to consider the impacts of various structure variables and to combine the evaluation criteria of noise with that of hydraulic performance, then carry out multi-objective comprehensive optimization design. (5) Based on the current study status, the in-depth study of the generation mechanism of flow-induced noise, the improvement of the fluid-vibration-acoustic-coupling method, the analysis model establishment of the generation, distribution and propagation mechanism for flow-induced noise and the development of high precision and fast numerical simulation method, as well as the development of noise visualization experiment need to be focused in future. One kind of anti-corrosion stainless steel (-)
